Abstract. In recent years, "nutri-epigenetics," which focuses on the influence of dietary agents on epigenetic mechanism(s), has emerged as an exciting novel area in epigenetics research. Targeting of aberrant epigenetic modifications has gained considerable attention in cancer chemoprevention research because, unlike genetic changes, epigenetic alterations are reversible and occur during early carcinogenesis. Aberrant epigenetic mechanisms, such as promoter DNA methylation, histone modifications, and miRNA-mediated post-transcriptional alterations, can silence critical tumor suppressor genes, such as transcription factors, cell cycle regulators, nuclear receptors, signal transducers, and apoptosis-inducing and DNA repair gene products, and ultimately contribute to carcinogenesis. In an effort to identify and develop anticancer agents which cause minimal harm to normal cells while effectively killing cancer cells, a number of naturally occurring phytochemicals in food and medicinal plants have been investigated. This review highlights the potential role of plant-derived phytochemicals in targeting epigenetic alterations that occur during carcinogenesis, by modulating the activity or expression of DNA methyltransferases, histone modifying enzymes, and miRNAs. We present in detail the epigenetic mode of action of various phytochemicals and discuss their potential as safe and clinically useful chemopreventive strategies.
INTRODUCTION
Epigenetics refers to the study of a set of reversible yet heritable changes in gene expression or cell phenotype that occur without any alterations in DNA sequence (1) . Due to their reversible nature and early incidence during the process of cancer development, epigenetic modifications have taken the center stage as promising drug targets for cancer prevention. The major epigenetic mechanisms for regulation of gene expression are DNA methylation, alterations in the chromatin structure by post-translational modification of histones and some non-histone proteins, and miRNAs which can either degrade mRNAs or modulate their translation process (2) . These epigenetic processes are essential in the regulation of normal functions of the cell during all stages, including development and differentiation (3) , and facilitate adaptation to environmental changes, such as nutritional variation or exposure to cigarette smoke, chemicals, radiation, and hormones (4) . However, alterations of epigenetic targets may also lead to various diseases, including cancer (5) .
DNA Methylation
DNA methylation is catalyzed by DNA methyltransferase (DNMT) enzymes that transfer methyl groups from Sadenosyl-L-methionine (SAM) to a cytosine present next to guanine, known as CpG, forming 5-methylcytosine-guanine dimers. In mammalian cells, the DNMT1 enzyme maintains methylation of DNA during replication, whereas DNMT3a and DNMT3b methylate previously unmethylated DNA sequences and therefore may play an important role in the genesis of cancer (6) . Sequences exist in DNA that are rich in CG repeats, known as CpG islands; these repetitive sequences are heavily methylated and act to maintain chromosomal stability (7, 8) . CpG within the promoter regions of a gene are generally unmethylated. Increased methylation of CpG within gene promoters can lead to transcriptional silencing of tumor suppressors; whereas global DNA hypomethylation in CpG islands can lead to the genomic instability commonly observed in malignant cells (9, 10) .
Histone Modifications
Gene expression is also regulated epigenetically by posttranslational modification of histone proteins, including acetylation, methylation, phosphorylation, ubiquitinylation, sumoylation, and ADP ribosylation. Histone acetylation and methylation are the most common post-translational modifications of histone proteins associated with carcinogenesis (11) . Histone acetylation is catalyzed by a class of enzymes known as histone acetyltransferases (HATs), whereas histone deacetylation is catalyzed by histone deacetylases (HDACs). For example, HATs transfer acetyl groups onto the ε-amino group of lysine (K); HDACs remove these acetyl groups. Histone acetylation leads to an open chromatin structure and enables transcription factors to bind to DNA, whereas deacetylation leads to chromatin condensation and transcriptional repression. To date, 18 HDACs and 25 HATs proteins have been identified. HDACs are divided into four classes-I, II, III and IV-based on homology, size, sub-cellular expression, and number of enzymatic domains (12) . Class I HDACs consists of HDACs 1, 2, 3, and 8; class II HDACs are comprised of HDACs 4, 5, 6, 7, 9, and10; class IV HDACs have a single member-HDAC11. Class III HDACs are structurally unrelated to the other classes and require NAD+ as a cofactor. This group consists of seven members named sirtuins 1-7 (13) . HATs have also been divided into multiple classes-GNAT (hGCN5 and PCAF), MYST (MYST and Tip60), p300/CBP (p300/CBP), SRC (SRC-1), and TAFII250 (TAFII250)-based on structure, homology, and histone specificity (14) . Histone methylation occurs at various lysine and arginine residues. Methylation of lysine on histones may either activate or repress gene expression, depending on the location of the lysine residue methylated; for example, methylation at H3K4, H3K36, and H3K79 generally leads to transcriptionally active chromatin, whereas H3K9, H3K27, and H4K20 methylation lead to transcriptional inactivation. Lysine residue methylation on histones is catalyzed by histone lysine methyltransferase (HMTs) enzymes. Like lysine acetylation, lysine methylation is not limited to histone proteins, as several non-histone proteins are also subject to methylation (15) .
MicroRNAs
miRNA are small non-coding RNAs of 20-22 nucleotides that inhibit gene expression at the posttranscriptional level to regulate key biological processes, and may also be altered in many diseases, including cancer (16) . miRNAs are generated by a complex protein system, which consists of proteins from the Argonaute family, polymerase II-dependent transcription, and Drosha and Dicer ribonucleases from RNA precursor structures (17) . miRNAs regulate the translation processes, either by imperfect base-pairing to the mRNA or by affecting mRNA stability. Each miRNA controls several genes within related pathways and are implicated in the initiation and progression of cancer, as they are often deregulated during carcinogenesis due to alterations at the genetic and epigenetic level and defects in their processing (18) .
Recent studies have provided convincing evidence that some natural dietary agents, including phytochemicals, have the ability to reverse epigenetic changes before they accumulate and cause disease, such as cancer (19) . Because of their ability to alter DNA methylation, histone modifications, and miRNA expression, dietary phytochemicals possess chemopreventive potential. In this review, we highlight several dietary polyphenols which have epigenomic-altering ability (Fig. 1) .
DIETARY AGENTS AS EPIGENETIC MODULATORS Tea Polyphenols
Tea, the most widely consumed beverage in the world after water, is consumed in a variety of styles, such as green, black and ; GCN5, SAGA complex histone acetyltransferase catalytic subunit Gcn5; GSTP1, Glutathione-Stransferase pi 1; HATs, Histone acetyl transferases; HDACs, Histone deacetylases; HER-2, Human epidermal growth factor receptor 2; HIF-1 α, Hypoxia inducible factor 1, alpha subunit; HKMTs, Histone lysine methyltransferases; hMLH1, Human mutL homolog 1; HOX family proteins, Homeobox family proteins; HSP90, Heat shock protein 90; hTERT, Human telomerase reverse transcriptase; IP-10, TNF-induced interferon-gamma-inducible protein 10; K, Lysine; LEF, Lymphoid enhancer factor; MBD, Methylated DNA binding domain proteins; MCL1, Induced myeloid l e u k e m i a c e l l d i ffe r e n t i a tion p rotein Mc l-1; MCM-2, Minichromosome maintenance gene; MGMT-O(6), Methylguanine-DNA methyltransferase; MIP-2, Macrophage inflammatory protein 2; miRNA, MicroRNA; MTA-2, Metastasis associated 1 family member 2; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; Notch1, Notch homolog 1, translocation-associated (Drosophila); OSCs, Organosulfur compounds; p16INK4a, Cyclindependent kinase 4 inhibitor A; p21waf1/cip1, Cyclin-dependent kinase inhibitor 1A; p53, Tumor protein 53; PARP, Poly ADPribose polymerase; PCAF, K(lysine) acetyltransferase 2B; PcG, Polycomb group proteins; PDCD4, Programmed cell death 4; PEITC, Phenethyl isothiocyanate; PRPS1, Phosphoribosyl pyrophosphate synthetase 1; PTEN, Phosphatase and tensin homolog deleted on chromosome 10; RARβ2, Retinoic acid receptor, beta 2; R, Arginine; RAS, Rat sarcoma transforming oncogene; RASSF1A, RAS association domain family 1A; RXR alpha, Retinoid X receptor, alpha; SAH, S-adenosyl-L-homocysteine; SAM, S-adenosyl methionine; SAMC, S-allylmercaptocysteine; SIRT1, Sirtuin (silent mating type information regulation 2 homolog) 1; SLC16A1, Solute carrier family 16, member 1; SNX19, Sorting nexin-19; Sp1, Transcription Factor Sp1; TGFBR2, Transforming growth factor, beta receptor II; TGF-β, Transforming growth factor, beta; TTK, Phosphotyrosine picked threonine-protein kinase; VEGF, Vascular endothelial cell growth factor; ZBTB10, Zinc finger and BTB domain containing 10; ZEB1, Zinc finger E-box binding homeobox 1; ZNF513, Zinc finger protein 513. oolong tea. Tea polyphenols, namely the catechins found in abundance in green tea, have been shown to reduce the risk of various diseases, including cancer. (−)-Epicatechin (EC), (−)-epicatechin-3-gallate (ECG), (−)-epigallocatechin (EGC), and (−)-epigalocatechin-3-gallate (EGCG) are four major catechins present in green tea; EGCG constitutes more than 50% of the total catechin isolated from green tea and has been widely studied for its anticancer effects. Green tea polyphenols have been shown to exert anticancer effects by a number of different mechanisms, including the inhibition of cellular proliferation by induction of cell cycle arrest and apoptosis, and the suppression of oxidative stress, angiogenesis, invasion, and metastasis (20) .
Epigenetic aberrations, such as polycomb group (PcG) protein-dependent histone methylation, class-I HDACs dependent deacetylation of histones and some non-histone proteins, and ubiquitination, drive chromatin compaction, and have been shown to reduce tumor suppressor function and increase cancer cell survival; evidence suggests that green tea polyphenols exert their anticancer effects by correcting these epigenetic alterations in cancer cells. Studies with structural analogues of EGCG suggested that D-and B-ring structures of tea polyphenols were important to the inhibition of DNMT activity; molecular modeling supported this conclusion, and suggested that EGCG can form hydrogen bonds with Pro(1223), Glu(1265), Cys(1225), Ser(1229), and Arg(1309) within the catalytic pocket of DNMT. All green tea catechins have been found to inhibit DNMT1 to various extents, with IC 50 values ranging from 210 to 470 nM. In vitro analysis has shown that catechol-containing polyphenols inhibit DNMTs by (a) increasing the formation of the potent noncompetitive inhibitor, S-adenosyl-L-homocysteine (SAM), caused by o-methylation of SAM by the catechol-Omethyltransferase enzyme; (b) directly inhibiting the activity of dihydrofolate reductase enzyme, disrupting the folate cycle and increasing SAM levels; and (c) directly inhibiting DNMTs, independent of methylation status. Inhibition of DNMTs ultimately results in DNA hypomethylation and reexpression of proto-oncogenes or other repressed genes (21) .
Inhibition of DNA methylation by a commonly consumed dietary constituent was first demonstrated in the human esophageal cancer cell line, KYSE510, a cell line exhibiting loss of tumor suppressor gene p16, RARβ, MGMT, and hMLH1 mRNA expression due to promoter hypermethylation. Treatment of KYSE510 with 5-50 μM EGCG for 6 days led to a reversal of hypermethylation and re-expression of tumor suppressor gene mRNA and protein, similar in effect to classical DNMT inhibitors, 5-aza-2′-deoxycytidine (5-Aza-dC) and zebularine. Similar results were also observed in HT-29 human colon cancer cells and PC-3 prostate cancer cells (22) . Treatment of LNCaP human prostate cancer cells with 1-10 μg/ml of GTP for 1-7 days caused a dose-and time-dependent re-expression of GSTP1, demonstrates regulation; demonstrates inhibition a gene silenced in number of cancers by hypermethylation of its promoter. Re-expression of GSTP1 was correlated with inhibition of DNMT1 enzyme activity. GTP treatment also decreased mRNA and protein levels of MBD1, MBD4, and MeCP2, and caused decreased association of MBD2 with accessible Sp1 binding sites, leading to increased binding and transcriptional activation of the GSTP1 gene. GTP treatment did not cause global changes in hypomethylation pattern, but rather promoted the maintenance of genomic integrity. Unlike exposure of cells to 5-Aza-dC, which caused activation of both GSTP1 and S100P, GTP treatment did not cause activation of pro-metastatic gene S100P, demonstrating specificity of GTP to re-express only silenced tumor suppressor genes, thus maintaining genomic stability. GTP treatment also concomitantly decreased the mRNA and protein levels of class-I HDACs 1-3 and increased acetylation of histone H3 and H4 (23) . Exposure of human skin cancer A431 cells to EGCG decreased global DNA methylation in a dose-dependent manner, and also decreased 5-methylcytosine, DNMT1, 3a and 3b mRNA and protein levels, H3 at Lysine 9 methylation, and enzymatic activity of DNMTs and HDACs, and increased levels of Histone H3 at Lysine 9 and 14 and Histone H4 at lysine 5, 12, and 16 acetylation in these cells. Additionally, EGCG treatment reexpressed tumor suppressor genes p16 and p21 mRNA and protein, which had been epigenetically silenced in these cells (24) . In MCF-7 breast cancer cells, EGCG treatment led to progressive demethylation of the hTERT promoter, including its E2F-1 binding sites, resulting in increased binding of E2F-1, a potent inhibitor, to the hTERT promoter, and further downregulated hTERT by causing hypoacetylation of histone H3K9. The epigenetic regulation of hTERT by EGCG may be a cell specific phenomenon, as treatment of HL60 promyelocytic leukemia cells did not demonstrate an effect similar to the MCF-7 breast cancer cells (25) , whereas similar mechanisms of hTERT and cell proliferation inhibition were described in MCF-7 (ER+) and MDA-MB-231 (ER−) breast cancer cells (26) . In azoxymethane-Apc Min/+ mouse model of intestinal cancer, mice supplemented with 0.6% (w/v) solution of GTP as the sole source of fluid for 8 weeks showed a significant decrease in methylation of 24 CpG sites within the promoter region of RXR alpha gene, a significantly increase in the protein levels of RXR alpha, and demonstrated that downregulation of RXR alpha is independent of β-catenin expression and is an early event in colon carcinogenesis (27) . Treatment of human prostate cancer LNCaP cells (harboring wild-type p53) and PC-3 cells (lacking p53) with 10-80 μg/ml of GTP for 24 h resulted in a dose-dependent inhibition of class I HDAC enzyme activity and enhanced proteasomal degradation of class I HDAC proteins. GTP treatment caused an accumulation of acetylated histone H3 in total cellular chromatin, resulting in increased accessibility to bind with the promoter sequences of p21/waf1 and Bax consistent with cell cycle arrest and induction of apoptosis in both cell lines irrespective of their p53 status (28) . GTPs and the major constituent, EGCG, activated p53 in LNCaP human prostate cancer cells by increasing its acetylation at K373 and K382 residues on its C terminus by inhibiting class I HDACs in a dose-and time-dependent manner; discontinuation of GTP or EGCG treatment resulted in loss of p53 acetylation. This GTP or EGCG treatment also resulted in enhanced binding of acetylated p53 on the promoters of p21/waf1 and Bax and increased expression of p21/waf1 and Bax mRNA and protein, leading to cell cycle arrest and apoptosis (29) .
The polycomb group (PcG) proteins enhance cell survival by epigenetically regulating gene expression. Increased levels and enhanced activity of PcG proteins lead to increased methylation and reduced acetylation of the histones associated with tumor suppressor genes, causing reduced tumor suppressor activity and increased cell proliferation and survival. Increased expression of two key PcG proteins, Bmi-1 and EZH2, was found in both immortalized keratinocytes and skin cancer cell lines; EGCG treatment of SCC-13 skin cancer cells reduced Bmi-1 and EZH2 protein levels, and global reduction in H3K27 trimethylation was associated with decreased survival. Reduced expression of PcG proteins was also associated with reduced expression of key cell cycle progression proteins (i.e. cyclins, cdks) and increased expression of cell cycle inhibitory proteins (i.e., p21, p27). EGCG treatment also induced apoptosis, as indicated by increased caspase-9, -8, and -3 and PARP cleavage and ratio of Bax/Bcl-xL . This study concluded that GTPs reduce cell survival in skin tumors by influencing PcG-mediated epigenetic regulatory mechanisms (30) . It was later reported that reduction in PcG protein level after GTP is associated with their increased ubiquitination and can be blocked by proteasome inhibitors.
Green tea polyphenols have ability to modify the expression of miRNAs in various human cancers. Treatment of human hepatocellular carcinoma HepG2 cells with EGCG altered their miRNAs expression. Thirteen miRNAs were upregulated and 48 downregulated in cells treated with EGCG as compared to untreated cells; RAS, Bcl2, E2F, TGFBR2, and c-Kit are target genes of these upregulated miRNA; HOX family proteins, including PTEN, SMAD, MCL1, SLC16A1, TTK, PRPS1, ZNF513, and SNX19 are target genes of the downregulated miRNA. Treatment with ECGC downregulated Bcl-2 protein expression; transfection with anti-miR-16 inhibitor suppressed miR-16 expression, and counteracted the EGCG effects on Bcl-2 downregulation and induced apoptosis in these cells (31) . Treatment of breast cancer MCF-7 cells with Polyphenon-60 significantly altered the expression of 23 miRNAs, including down-regulation of miR-21 and miR-27, which were initially over-expressed in these cancer cells. EGCG treatment induced apoptosis in hepatocellular carcinoma HepG2 cells by increasing miRNA-16 expression leading to decrease in Bcl-2 protein levels. In a xenograft mouse model utilizing prostate cancer LNCaP cells, EGCG treatment repressed the transcriptional activation of androgen receptor (AR), which correlated with significant decrease in androgen-regulated miRNA-21 and upregulation of tumor suppressor, miRNA-330, and inhibited tumor growth (32) . The results obtained for miRNA profiling suggests that EGCG may exert its biologic functions through modulation of miRNA expression.
Curcumin
Turmeric is a popular Indian spice associated with cancer prevention and other multiple health benefits. Its major active ingredient, curcumin, has been reported to affect multiple intracellular signaling pathways involved in proliferation, invasion, survival, apoptosis, and inflammation (33) . Molecular docking studies demonstrate interaction of curcumin with DNMT1 have suggested that curcumin may inhibit DNMT1 enzymatic activity by covalently blocking its catalytic site by binding to the thiol group of C1226 amino acid. This same study found that Leukemia MV4-11 cells showed global DNA hypomethylation after treatment with curcumin; however, sequence-specific demethylation at the promoter region of epigenetically silenced genes with curcumin was not demonstrated (34) . Nrf2, a master regulator of cellular antioxidant defense systems, has been shown to be epigenetically silenced during the progression of prostate tumorigenesis in TRAMP mice. Curcumin treatment of TRAMP C1 cells led to demethylation of the first 5 CpGs within the promoter region of the Nrf2 gene and re-expression of both Nrf2 mRNA and protein, and enhanced expression of a major downstream target gene, NQO1, an anti-oxidative enzyme; this mechanism may be, in part, responsible for the chemopreventive effect of curcumin (35) . Curcumin treatment also restored expression of Neurog1, another cancer-related gene silenced by promoter hypermethylation, in prostate cancer LNCaP cells, by demethylating the first 14 CpG sites within its promoter; curcumin also significantly decreased MeCP2 binding to the promoter of Neurog1. Treatment with curcumin increased HDAC1, 4, 5, and 8 levels, but decreased HDAC3. HDAC activity, H3K27me3 levels, binding at the Neurog1 promoter region was decreased after treatment, suggesting ability of curcumin to re-express yet another gene silenced by epigenetic modification in cancer (36) . Treatment of SiHa squamous cervical cancer and HeLa adenocarcinoma cervical cancer cell lines with 20 μM curcumin caused demethylation of the promoter and reactivation of RARβ2 gene; the extent of demethylation increased with treatment time from 3 to 6 days in SiHa cells, whereas demethylation in HeLa cells was noted after 6 days treatment (37) .
Curcumin is also a potential modulator of histones due to its ability to modulate the activity of HATs and HDACs enzymes. Marcu et al. (38) demonstrated that curcumin is a selective inhibitor of CBP/p300, indicating that alpha-beta unsaturated carbonyl groups in the side chain of curcumin function as Michael reaction sites and are required for activity as HAT inhibitor. Curcumin also promoted proteasomedependent degradation of CPB/p300 proteins without any effect on PCAF or GCN5 in cells. In addition, acetyltransferase activity of purified p300 was assessed using either histone H3 or p53 as substrate (39) . Curcumin effectively blocked the HDAC inhibitor MS-275, inducing histone hyperacetylation in both PC3-M and peripheral blood lymphocytes cells (40) . Curcumin treatment inhibited HDAC1, HDAC3, and p300/ CBP in Raji cells, which led to decreased activity of NF-κB and Notch1 and caused significant inhibition of cell proliferation. The effect of curcumin on HDACs and HATs was more pronounced and was partially due to increased proteasomal degradation, as protection from degradation by MG-132 could be partially reversed with curcumin treatment (41). Liu et al. also confirmed that curcumin was able to inhibit the expression of class I HDACs and increase expression of Ac-histone H4 in Raji cells (42) . Bora-Tatar et al. used HeLa nuclear extract in a fluorometric assay and performed molecular docking for human HDAC8 enzyme; this group reported that curcumin more potently inhibited HDACs as compared to sodium butyrate, a well-known HDAC inhibitor (43) . Curcumin treatment in human medulloblastoma DAOY, D283 Med, and D341 cells resulted in cell cycle arrest and apoptosis, accompanied by reduced HDAC4 expression and activity and increased tubulin acetylation, which eventually caused mitotic catastrophe. Treatment with curcumin also reduced the growth of medulloblastoma xenografts tumors in Smo/Smo transgenic medulloblastoma mouse model, significantly increasing mouse survival (44) . In human breast cancers, overexpression of enhancer of zeste homolog 2 (EZH2) gene indicates poor prognosis; curcumin treatment of MDA-MB-435 breast cancer cells led to the downregulation of EZH2 expression in a dose-and time-dependent manner, which also correlated with decreased cell proliferation. Curcumin induces downregulation of EZH2 through activation of MAPK, c-Jun NH2-terminal kinase, ERK, and p38, leading to anti-proliferative effects (45) .
Curcumin has been shown to modulate miRNA expression in cancer cells. Curcumin modified the expression of 29 miRNA in human pancreatic carcinoma BxPC-3 cells, including miRNA-22 upregulation, leading to suppressed expression of its target genes, Sp1 and ESR1 (46) . Curcumin and its derivative, CFD, sensitized human pancreatic cancer cell lines MIAPaCa-E, MIAPaCa-M, and BxPC-3 to gemcitabine by inactivating miR-21, leading to inhibition of NF-κB, COX-2, and their downstream target molecules and reactivation of miR-200b and miR-200c (47) . Curcumin treatment significantly downregulated expression of miR-186* in A549/DDP multidrug-resistant human lung adenocarcinoma cells and induced apoptosis (48) . Treatment of MCF-7 breast cancer cells with curcumin caused downregulation of Bcl-2 and increased expression of miR-15a and miR-16; silencing of miR-15a and miR-16 by specific inhibitors restored Bcl-2 expression, suggesting that reduced Bcl-2 expression in breast cancer cells after curcumin treatment is due to curcumin ability to upregulate the expression of miR15a and miR-16 (49) . A dose-dependent decrease in miR-21 promoter activity and expression following curcumin treatment was inferred due to reduced binding of AP-1 to the promoter and induction of the tumor suppressor gene, programmed cell death protein 4 (Pdcd4), which is a miR-21 target and is overexpressed in RKO and HCT116 human colon cancer cells, promoting invasion and metastasis. Curcumin also stabilized the expression of the tumor suppressor Pdcd4 in colorectal cancer (50) .
Sulforaphane
Another bioactive phytochemical sulforaphane (SFN), widely present in broccoli, sprouts, cabbage and kale, has been widely studied for its anticancer activity. SFN has been shown to enhance xenobiotic metabolism, and induce cell cycle arrest and apoptosis in various human cancer cells (51) . Like many other plant polyphenols, SFN can also modify epigenetic events in cancer cells. In human colon cancer CaCo-2 cells, SFN treatment resulted in the downregulation of DNMT1 activity (52) . In breast cancer MCF-7 and MDA-MB-231 cells, SFN treatment decreased DNMT1 and DNMT3a activity and caused site-specific CpG demethylation within the first exon of the hTERT gene, facilitating CTCF binding associated with hTERT repression, and leading to the inhibition of the catalytic regulatory subunit of telomerase. SFN treatment increased acetylation of histone H3 at K9 and histone H4 and decreased the histone H3 trimethylation at K9 and K27, respectively in a dose-dependent manner. This increased acetylation and reduced trimethylation of histones facilitated and enhanced the binding of hTERT repressor proteins such as MAD1 and CTCF to the regulatory region of hTERT, causing apoptosis (53) . SFN treatment decreased HDAC activity and increased the activity of a β-catenin-responsive reporter (TOPflash) in a dosedependent manner in human embryonic kidney 293 cells. Though β-catenin or HDAC protein levels were not altered, HDAC activity was diminished, and corresponded with increased acetylation of both global and localized histones and increased acetylated histones bound to the p21 promoter. These findings were also observed in human colorectal cancer HCT116 cells (54) . In BPH-1 benign prostate hyperplasia and in LNCaP and PC-3 prostate cancer cells, SFN treatment also inhibited HDAC activity, and subsequently increased the levels of acetylated histones and their binding on the promoters of p21 and Bax genes, induced p21 expression, increased tubulin acetylation in prostate cancer cells, leading to cell cycle arrest and caspase-dependent apoptosis. SFNinduced cytotoxicity was reversed by HDAC6 overexpression (55) . SFN exposure to MDA-MB-231, MDA-MB-468, MCF-7, and T47D human breast cancer cell lines caused inhibition of HDAC, increased acetylation of histones, decreased expression of ER, EGFR and HER-2 receptors, and inducted cell cycle arrest and apoptosis (56) .
A few, in vivo studies using animal models have suggested that SFN can reduce HDAC activity and increase acetylation of histone proteins. In APC Min/C mice, SFN treatment reduced tumor formation through increased global histone acetylation, increased association of acetylated histone H3 on the promoters of p21 and Bax genes, and increased expression of Bax protein. Wild-type C57BL/6 JC/C mice receiving a single oral dose of 10 μM SFN demonstrated significant inhibition of HDAC activity within the colonic mucosa, with a concomitant yet transient increase in the acetylation levels of Histones H3 and H4 (57) . Consumption of 7.5 μM SFN per mouse for 21 days resulted in 40% reduced growth in PC-3 tumor xenograft in nude mice; this correlated with a significant decrease in HDAC activity, increase in global histone acetylation, and increase in the Bax expression in tumors and mononuclear blood cells in these animals (58) . A pilot study consisting of 3 human subjects fed 68 g of broccoli sprouts, which are rich in SFN, demonstrated significant inhibition of HDAC activity and increased acetylation of histone H3 and H4 in their peripheral blood mononuclear cells within 3 -6 h after intake (58).
Indole-3-Carbinol [I3C] and Diindolylmethane [DIM]
Indole-3-carbinol (I3C) is a hydrolyzed product of the phytochemical glucosinolate, present in cruciferous vegetables, including broccoli, cabbage, cauliflower, mustard, and radish. Conversion of glucosinolate to I3C is catalyzed by an enzyme present in these plants called myrosinase; acidic pH in the stomach converts I3C to diindolylmethane (DIM). Both I3C and DIM have been reported to induce apoptosis in many cancer cell lines from solid tumors of different organs by affecting number of kinases and nuclear receptormediated signaling (59) . A study with human colon cancer HT-29, SW620, RKO, LS174T, and HCT-116 cell lines and in tumor xenografts showed that DIM induced proteosomalmediated degradation of class I HDACs (1-3, 8) with no effect on class II HDAC proteins. Class I HDAC degradation relieved transcriptional inhibition and increased expression of the cyclindependent kinase inhibitors p21/waf1 and p27/Kip1, and caused the cells to arrest in G (2) phase of the cell cycle. This study also found an increased DNA damage associated with the degradation of class I HDAC and induction of cell apoptosis after DIM treatment (60) . DIM treatment of gemcitabine-resistant human pancreatic cancer cells MiaPaCa-2, Panc-1, and Aspc-1 resulted in the upregulation of miR-let-7b, miR-let-7e, miR-200b, and miR200c, and was correlated with the upregulation of the epithelial cell marker, E-cadherin, and downregulation of mesenchymal markers, ZEB1 and vimentin (61) . Treatment of pancreatic cells with DIM reduced their invasion capability, which was due to DIM ability to regulate miRNA-146, which in turn reduced expression of EGFR, MTA-2, IRAK-1 and reduced activation of NF-κB pathway in these cells (62) . DIM treatment has also been shown to downregulate CDK2, CDK4, and Cdc25A expression, leading to cell cycle arrest, by modulating miR-21 in both estrogen-dependent MCF-7 and ER-negative p53 mutant MDA-MB-468 human breast cancer cells; therefore, regardless of estrogen-dependence and p53 status, DIM can cause cell cycle arrest in breast cancer cells by regulating miR-21. This study also demonstrated inhibition of human breast tumor development by DIM in an in vivo xenograft model (63) .
Genistein and Soy Isoflavones
Epidemiological studies have shown that a soy rich diet decreases the incidence of some human cancers, including breast and prostate. Genistein, the active component found in soy, exerts its cancer preventive effects by targeting various pathways relevant in the development of cancer (64) . A number of studies have demonstrated that genistein regulates the transcription of various genes by affecting different epigenetic events. Genistein reactivated DNA methylationsilenced p16INK4a, RARβ, and MGMT genes in human esophageal squamous KYSE510 carcinoma cells by inhibiting DNMT activity in a dose-dependent manner, also inhibiting cell growth. Reactivation of RARβ by the reversal of DNA hypermethylation by genistein was also observed in human prostate cancer LNCaP and PC3 cells (65) . Treatment of human breast cancer MDA-MB-468 cells with low concentrations of genistein restored the expression of GSTP1 gene by partially demethylating its promoter (66) . In human prostate cancer PC-3, DU-145, and LNCaP cell lines, in which promoters of GSTP1 and EPHB2 are strongly methylated, treatment with soy isoflavones genistein and daidzein caused demethylation of these promoters and increased protein expression (67) . Similar results were demonstrated with BRCA1, GSTP1 and EPHB2 promoters and protein expression in human prostate cancer DU145 and PC-3 cell lines after treatment with genistein or daidzein (68) .
Wnt signaling pathway plays an important role both in normal epithelial regeneration and tumorigenesis in the human colon. Treatment of human colon cancer SW1116 cells with genistein or soy induced WNT5a gene expression by decreasing the methylation of CpG islands on its promoter and causing cell growth inhibition by inhibiting cell proliferation in a time-dependent manner (69) . A tumor suppressor gene, BTG3, which is downregulated in renal cancer due to promoter hypermethylation was demethylated in renal cell carcinoma A498, ACHN and HEK-293 cells by inhibition of DNMT activity and MBD2 after treatment with genistein. Genistein treatment significantly decreased promoter methylation, reactivated BTG3 expression, increased levels of acetylated histone H3 and H4, H3K4me2, H3K4me3, and RNA polymerase II, decreased DNA methyl transferase and methyl-binding domain protein 2 activity, and increased HAT activity in prostate cancer cells (70) . Results on effect of genistein treatment on DNA methylation are inconsistent; while in vitro studies in cancer cells have shown inhibition of DNMT activity and DNA methylation, in vivo studies have suggested otherwise. A randomized, double-blind trial conducted on premenopausal healthy women (n=34) to determine the effect isoflavones, including genistein, daidzein, and glycitein taken daily (40 or 140 mg) through one menstrual cycle, on the methylation status of p16, RASSF1A, RARb2, ER, and CCND2 genes known to be silenced due to hypemethylation of their promoters in breast cancer. The RARb2 and CCND2 methylation was found increased in intraductal specimens after treatment which correlated with genistein concentration in the serum (71) .
Genistein also possesses histone modifying activity and was shown to induce the expression of p21/waf1/cip1 and p16INK4a tumor suppressor genes in human prostate cancer cells by epigenetic mechanisms involving active chromatin modification, including upregulation of the expression of HATs (72) . Genistein, daidzein and equol (a daidzein metabolite) have been shown to stimulate ER-mediated histone acetylation through modulating HAT activity and co-activator activity of ER (73) . Treatment of LNCaP and PC-3 prostate cancer cells with genistein activated several aberrantly silenced tumor suppressor genes with unmethylated promoters such as PTEN, CYLD, p53, and FOXO3a by post-translation modification of histone H3K9. PTEN and CYLD genes were reactivated through induction of a substantial remodeling of the heterochromatic domains by demethylation and acetylation of H3K9 and caused the inhibition of PI3K/Akt signaling pathway. Genistein also increased acetylated H3K9 in p53 and FOXO3a via downregulation of histone deacetylase SIRT1 (74) . Following genistein treatment, ubiquitination of AR protein in LNCaP cells was increased, due to a decrease in chaperone activity, inhibition of HDAC6, a Hsp90 deacetylase, and enhanced acetylation of Hsp90 (75) Soy isoflavones may also have the ability to modulate miRNAs. A recent study identified a set of 53 differentially regulated genes by comparing the miRNA profile of untreated and genistein treated UL-3A and UL-3B cells developed from an ovarian cancer patient. Genistein caused upregulation of ERα and ERβ at both the mRNA and proteins level, and reduced the migration potential and invasiveness of genistein treated cells compared to untreated cells. Unfortunately, this study did not elaborate or attempt to characterize the role of miRNAs in the induction of ERα and ERβ (76) . In gemcitabine-resistant human pancreatic cancer cell lines MiaPaCa-2, Panc-1, and Aspc-1, there was a positive correlation between miRNA-200 and the mesenchymal markers including ZEB1, slug, and vimentin; both were downregulated after treatment with genistein. Genistein treatment in these cells also reversed their EMT transition (61) . In prostate cancer, LNCaP and PC-3 cells upregulation of miRNA-1296 and accumulation of cells in the S phase of the cell cycle were observed after treatment with genistein. The miRNA-1296 upregulation lead to a significant decrease in mRNA and protein levels of its target gene minichromosome maintenance gene [MCM-2] (77). Genistein also caused suppression of uveal melanoma C918 cells growth by inhibiting ZBTB10 gene via downregulation of miRNA-27 (78) .
Phenethyl Isothiocyanate
Cruciferous vegetables, like wasabi, horseradish, mustard, radish, brussel sprouts, watercress, nasturtiums, and capers, are also rich in isothiocyanate, a chemical group formed by the substitution of oxygen with sulfur, which provides the characteristic flavors of these vegetables. Phenyl isothiocyanate (PEITC) is one of the most studied isothiocynate for its anticancer activity. PEITC has been reported to induce apoptosis and cell cycle arrest in a number of cancer cell types (79) . PEITC demethylated the hypermethylated promoter of the GSTP1 gene, reactivating GSTP1 in androgendependent and independent prostate cancer cells. PEITC also inhibited HDAC levels and activity and caused selective changes in the histone acetylation and methylation patterns. This dual PEITC action was more effective than the pharmacological inhibitors of DNMT and HDACs (80) . Allyl isothiocyanate treatment of DS19 mouse erythroleukemia cells increased the acetylation of histones with no effect on HDACs (81) .
Histone acetylation is virtually undetectable in acute leukemia patients due to high expression and activity of HDACs. Bone marrow cells from acute myeloid leukemia (AML) patients cultured in phenylhexyl isothiocyanate showed significant acetylation of histones, indicating inhibition of HDAC activity by phenylhexyl isothiocyanate (82) . Treatment of hepatocellular carcinoma SMMC-7721 cells with phenylhexyl isothiocyanate inhibited cell growth and induced apoptosis, which correlated with increased acetylation of Histone H3 and H4, increased methylation of H3K4, and decreased methylation of H3K9 (83) .
PEITC alone, or in combination with other chemopreventive agents, has been reported to inhibit cell proliferation, differentiation, Ras activation, the NF-κB pathway, and angiogenesis, induce apoptosis, reverse p53 function, and prevent the downregulation of miRNAs induced by cigarette smoke. miR125b, miR-26a, miR-146-pre, let-7a, let-7c, miR-192, miR-222-pre, miR-99, and miR-123 are some of the miRNA downregulated by cigarette smoke; their expression was altered in rats treated with orally administered PEITC for 3 days prior to exposing them to cigarette smoke for 28 consecutive days (84) . The effect of PEITC or glucocorticoid budesonide treatment, either alone or in combination, on miRNA expression was analyzed in the mouse liver and lungs. Treatment and subsequent smoke exposure was initiated either directly after birth or after weaning for 2 weeks. PEITC treatment significantly downregulated 9 and upregulated 3 miRNAs in the liver and caused modest effect on miRNA expression in the lungs. Cotreatment significantly upregulated 12 and downregulated 11 miRNAs in comparison to the group treated with only cigarette smoke. These miRNAs expressed differentially were the one associated with genes regulating stress response, protein repair, cell proliferation, and inflammation. No study on the effect of PEITC on miRNA expression in cancer has been reported so far (85) .
Resveratrol
Resveratrol, a polyphenol found in red wine, peanuts, and certain berries, possesses antioxidant and anti-inflammatory properties, and has been found to have beneficial effects in cardiovascular disease and cancer (86) . Resveratrol exhibits weak DNMT inhibitory activity in MCF7 breast cancer cells and was unable to reverse methylation of several tumor suppressor genes. Resveratrol improved the efficacy of adenosine analogues to inhibit methylation of the promoter of RARβ2 gene; however, resveratrol alone was ineffective. Resveratrol in combination with Vitamin D 3 was highly effective in reducing methylation of PTEN promoter and inducing expression of PTEN, downregulating DNMT, and regulating p21 in ER-positive MCF-7 breast cancer cells, but had no notable effects in triple-negative MDA-MB-231 breast cancer cells (87) .
Other demonstrated targets of resveratrol are class III HDACs, sirtuin 1 (SIRT1) and p300. Resveratrol activates SIRT1 catalytic core independent of its terminal domains, indicating the existence of a resveratrol binding site within the catalytic core of the enzyme. Low levels of SIRT1 and high levels of survivin were found in mammary tumors of BRCA1 mutant mice; induced expression of BRCA1 led to increased SIRT1 expression by binding of BRCA1 to the promoter of SIRT1. Increased SIRT1 expression in turn inhibited survivin by modulating histone H3K9 levels. Both in vitro and in vivo, resveratrol was able to decrease the acetylation of histone H3K9 by inducing SIRT1 expression and inhibit survivin expression to elicit a profound inhibitory effect on BRCA1 mutant cancer cells, an effective strategy for targeting BRCA1-associated breast cancers (88) . Another in vivo study using SIRT1-null mice demonstrated that the number of intestinal polyps induced in Apc min mutation carrying mice was unaffected by the SIRT1 genotype, but the polyp size was slightly smaller. SIRT1 genotype did not affect the incidence and tumor load of skin papillomas. Topical application of resveratrol to the skin profoundly reduced tumorigenesis, yet the effect was reduced in SIRT1-null mice, suggesting resveratrol requires SIRT1-encoded protein for its protection (89) . Resveratrol also prevented epigenetic silencing of tumor suppressor BRCA-1 by the aromatic hydrocarbon receptor in human breast cancer MCF-7 cells by modulating acetylation of H3K9, and H4, association of mono-methylated-H3K9, DNMT1, and methylbinding domain protein-2 with the promoter of BRCA-1 gene (90).
Resveratrol has also been shown to provide protection from cancer by modifying miRNAs. In human SW480 colon cancer cells, decreased levels of several oncogenic miRNAs, known to target Dicer1, PDCD4, PTEN, and the key effectors of the TGFβ signaling pathway, were found after resveratrol treatment. Treatment significantly caused upregulation of 22 miRNA and downregulated expression of 26 miRNA. Several of the constitutively upregulated miRNA in colon cancer including miR-17, miR-21, miR-25, miR-92a-2 were decreased after treatment with resveratrol. The miR-663 which was found increased possess putative tumor-suppressor functions and targets TGF1 transcript. Components of the TGFβ signaling pathway, including TGFβ RI and RII and SMADs were also reduced suggesting that miR-663 is a target for anticancer activity of resveratrol (88) .
Organosulfur Compounds
Allium vegetables, such as garlic, chives, and leeks, have been used to improve immunity and cardiovascular health, for microbial, radiation, and cancer protection, and as hypoglycemic agents in traditional medicine. Risk of stomach and colon cancers is significantly reduced if allium vegetables are consumed regularly. The anticancer activity of these vegetables is attributed to organosulfur compounds, which are released upon processing, and are generated by the decomposition of highly unstable products formed upon conversion of alliin to allicin and other alkyl alkane-thiosulfinates by alliinase. A few of these organosulfur compounds, such as diallyl sulfide [DAS], diallyl disulfide [DADS] , and diallyl trisulfide [DATS] , have been shown to induce cell cycle arrest and apoptosis, and inhibit cancer growth, angiogenesis and metastasis (91) . In in vivo studies, their treatment provides protection from chemically induced cancer of various organs and inhibited tumor growth in xenograft models. DADS and its active metabolite S-allylmercaptocysteine [SAMC] are finally metabolized to allyl mercaptan [AM] and other metabolites (92) .
DADS and SAMC has been demonstrated to induce acetylation of histones proteins and inhibition of cell growth in DS19 mouse erythroleukemia cells. Their metabolite AM was a more potent HDAC inhibitor. Direct binding of AM to the catalytic site of HDAC was predicted by performing in silico docking studies and HDACs inhibition potential was confirmed by performing activity assays. DADS treatment increased global acetylation of H3 and H4 histones and increased their binding on the promoter of p21 gene. These events correlated with HDAC inhibition, upregulation of p21 and cell cycle arrest (81) . Treatment of human colon cancer Caco-2 cells and human breast cancer T47D cells with SAMC induced histone acetylation where HDAC activity was inhibited with allyl butyrate (93) . S-allylmer-captocysteine or allyl isothiocyanate treatment decreased HDACs and HATs in DS19 cells. DADS treatment resulted in hyperacetylation of histones, upregulation p21, arrest of cell cycle and induction of differentiation and apoptosis in a variety of cancer cell lines. Treatment of colon cancer Caco-2 and HT-29 cells with DADS exhibited decreased HDAC and increased acetylation of histones H3 and H4 which correlated with increase expression of p21/Waf1 and cell cycle arrest (93) .
Lycopene
Lycopene is present mainly in tomato and tomato products. It is one of the naturally occurring classes of tetra-terpenoids and is a potent antioxidant. In vivo studies using animal cancer models have shown that lycopene can inhibit breast, prostate, and lung tumor growth, but is ineffective in preventing colon, kidney and liver cancers (94) . A single dose of 2 μM lycopene was able to partially demethylate the promoter of the GSTP1 tumor suppressor gene in breast cancer cell line MDA-MB-468 cells and increase its mRNA expression. However, RARβ2 gene was not demethylated by lycopene treatment in neither MDA-MB-468 cells nor MCF-7 breast cancer cell lines. Demethylation of RARβ2 and HIN-1 genes in immortalized non-tumorigenic MCF10A fibrocystic breast cells however was observed after 2 weeks of lycopene treatment. The study shows that lycopene has direct DNA demethylating activity (66) .
Quercetin
Dietary polyphenols are multi-potent flavonoids with immense potential for the prevention and treatment of cancer (95) . Quercetin is one such biflavonoid present predominantly in citrus fruits and buckwheat. In yeast, quercetin activates NAD-dependent histone deacetylase SIRT1. It inhibited the growth of colon cancer RKO cells by reversing the silencing of hypermethylated p16INK4a gene by demethylating its promoter (96) . Quercetin treatment inhibited the expression of TNF-induced interferon-gamma-inducible protein 10 [IP-10] and macrophage inflammatory protein 2 [MIP-2] by inhibiting the activity of CBP/p300 and phosphorylation/acetylation of histone H3 on the promoter region of these genes (97) . Quercetin treatment in human leukemia HL-60 cells induced FasLmediated extrinsic apoptosis pathway through caspase-8 activation, Bid cleavage, changes in conformation of Bax and cytochrome c release. Quercetin increased histone H3 acetylation through activation of HAT demonstrating that quercetin induced FasL-related apoptosis by transactivation through activation of c-jun/AP-1 and promotion of histone H3 acetylation in HL-60 cells (98) . A recent study reported simultaneous administration of quercetin to DMBA-painted hamsters reduced incidence and burden of tumor, whereas post-treatment of quercetin resulted in a significant tumor growth delay. Quercetin administration caused cell cycle arrest and apoptosis and blocked invasion and angiogenesis. This study found a positive correlation between the inhibition of HDAC1 and DNMT1 by quercetin and its anticancer properties (99) .
Ellagitannins
Ellagitannins are polyesters of ellagic acid and a sugar moiety. The presence of these phytochemicals in common food is limited to few fruits and nuts, such as pomegranate, raspberries, strawberries, blackberries, walnuts and almonds. Ellagitannins are widely used in alternative medicine for their antioxidant, radical scavenging, antiviral, antimicrobial, anti-mutagenic, anti-inflammatory, anti-tumor promoting and immunomodulatory properties. Ellagitannins modulate various transcription factors and signaling pathways in their ability to inhibit proliferation and induce apoptosis of cancer cells (100) . Treatment of liver cancer HepG2 cells with ellagitannin (BJA3121) isolated from a plant Balanophora japonica, inhibited cell growth and altered the expression of several miRNAs. Ellagitannin treatment, in particular caused increased expression of miR-let-7e, miR-370, miR-373* and miR-526b and decrease expression of let-7a, let-7c, let-7d. These miRNA are correlated with genes involved in cell differentiation and proliferation (101) .
Other Dietary Phytochemicals
Other plant phytochemicals which are able to modify epigenetic events and may prove to have potential to be developed as effective chemopreventive and/or therapeutic agent are under investigation. Research study from our group demonstrated that apigenin, a plant flavone has ability to alter histone deacetylation. This study demonstrated that treatment of prostate cancer PC-3 and 22Rv1 cells with 20-40 μM apigenin led to decreased HDAC enzyme activity, decreased protein and mRNA levels of HDAC1 and HDAC3 and resulted in increased global acetylation of histone H3 and H4 and increased localized acetylated histone H3 on the p21/ waf1 promoter. Treatment with apigenin also caused increased expression of protein and mRNA of p21/waf1 and BAX and caused cell cycle arrest and induced cell apoptosis in both cancer cells. Study further reported that oral ingestion of apigenin at doses of 20 and 50 μg/mouse/ day over an 8-week period resulted in marked reduction in tumor growth, HDAC activity, and HDAC1 and HDAC3 protein expression in PC-3 xenografts of athymic nude mice (102) . Other plant flavonoids, including biacalein, cyanidins, rosmarinic acid, silibinin/silymarin, and dihydrocoumarin, are also under investigation for their epigenetic effects in cancer. These compounds are present in the daily food and can effectively cause epigenetic modifications to prevent carcinogenesis and to suppress or delay cancer progression.
SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS
Prevention is better than cure, a phrase which holds true for complex and deadly diseases like cancer. As discussed, important cellular functions and cell signaling pathways are deregulated in cancer by epigenetic deregulation of critical tumor suppressor genes by methylation of CpG islands on their promoters, abnormal posttranslation modifications of histone and some non-histone proteins by deregulation of acetylation/methylation, and miRNA perturbation. Accumulating evidences indicates that dietary chemopreventive agents can prevent or reverse these epigenetic modifications in cell culture studies and in some animal models of cancer. A concise description of these alterations is shown in Table I .
Future research should be directed on the translation of effect of these dietary phytochemicals to pre-clinical models of cancers and in humans. As some of the effects of these phytochemicals appear to be cell type or organ specific therefore, understanding the mechanism(s) of these differences is a key in designing a personalized regimen for cancer prevention and/or cure. Furthermore, epigenetic defects may eventually lead to genetic defects which are not reversible, appropriate time of interventions using dietary chemopreventive agents which might be effective in slowing down cancer progression may be critical. Hence, it is important to design and perform appropriate experiments needed to address these issues and to analyze the data obtained in an efficient manner. Epigenetic modifications are an integral part of cellular development and differentiation, appropriate exposure time is critical for dietary agent to intervene the epigenetic process. More recent data demonstrate that the combined effect of various phytochemicals may be beneficial than single agent regimen which requires rigorous efforts to determine the exact, dose, duration, and extent of intervention used as a combination approach. Lastly, it is much more challenging and difficult than it seems to develop dietary phytochemicals as effective chemopreventive and/or chemotherapeutic agents despite their widespread recognition and acceptance as evident from a large number of research publications. Although dietary Differential miRNA modulations miR-let-7e, miR-370, miR-373* and miR-526b ↑ let-7a, let-7c, let-7d ↓
↓ downregulation, ↑ upregulation phytochemicals hold great promise in cancer prevention, a number of issues need to be addressed before moving forward to evidence-based clinical trials.
